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ABSTRACT

A computational procedure is developed, based on
lifting line theory, which successfully predicts the
spanwise 1lift distribution at moderate blowing momentum
coefficient on a high aspect ratioc (AR = 18) circulation
control wing-body model with several variations in the
spanwise extent of blowing. Experimental data are
presented on the spanwise lift distribution which validates
this procedure.

ADMINISTRATIVE INFORMATION
The work reported herein was authorized by the Office of the Technical Director
of the David W. Taylor Naval Ship Research and Development Center (DTNSRDC). Funding
was provided under Task Area ZR0230201, Program Element 61152N, and Work Unit
1660-650.

INTRODUCTION

The lifting line theory has proven to be quite effective in modeling the spanwise
lift distribution of moderate-to-high aspect ratio wings. The linear nature of the
theory makes it possible to additively incorporate such features as a continuously
varying wing twist, a partial span trailing edge flap, or a jet flap. The current
effort is an attempt to expand on the jet flap model by modifying it to incorporate
the additional feature of lift augmentation produced by a trailing edge Coanda jet.
As with the jet flap, the increased circulation, or effective incidence, produced by
the Coanda jet can be additively included in a lifting line model. The imodel will
also include the effects of the body on the lift distribution of a circulation
control wing-body configuration.

The Prandtl lifting line theory, as formulated in Thwaites,l* will provide the
basis for this model. The three-dimensional jet flap model of Maskell and Spence
will be incorporated and modified to account for a full or partial span trailing edge
Coanda jet. The effect of the fuselage on the flow field will be accounted for in a
manner similar to that of Flaxj where the potential in the Treftz plane provides for
the wing-body interference. The two-dimensional analysis, provided at a series of
spanwise stations, will account for the effects of blowing rate, trailing edge

radius, thickness effects, camber, and wing taper.

*A complete listing of references is given on page 43.
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eanilv modified, X-wing model provided the experimental data to

A © ot in
N pinwlioc it distribution on a high aspect ratio circulation control
report presents selected experimental results and a
; C Tonoapytodinette nomerical model.
AING=p0DY NUMBLRICAL MODEL
W el wing with trailing edge blowing can be represented,
5
. oo pence, as experiencing a total lift that consists of
: i S vt cles i cogponent of thrust from the trailing edge blowing.
2 2
'1 - J o, =1 Voo b
, ‘ . e
v stion w tins concept provides for compatibility with Spence's
Coo ot b awoe-dimensional jet flap.

reduces to the familiar
L=pVIHDb

Poooow bt Dot torvm the local acrodynamic lift is then:

2r
o ( + + - = —
(I ' t; ‘e “ee Li) Vc) (1)

>

lacion, or blowing induced incidence and downwash.
it is assumed

contributing to the local incidence represent the
In

A
et

S S E O TH S
statl oangle assumptions of the lifting line theory,
troo oo e soenmotric, cenber, and circulation induced incidences remains
I ot Liowing ordinarily used on a circulation control wing is low
At det tlap.  This condition makes the small angle

create a conflict with the follow-on and usual

SHE L) e Ddoa e i dJdovs not
; A wo it tne wing to that tar downstream.
Do (2)
1 1
)
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The usual procedures for determining the downwash at the wing are then

applicabl.:. Equation (1) can be written as:

—3
]

2 2 A SO S SV - ) -
1/2 a [ \Vm(ug rota ) - w ()i (3)

The effect of the fuselage on spanwise lift distribution will be treated
3 . . .. . .
according to Flax. Flax transforms the two-dimensional vorticity distribution of
the wing-body into the wake contour in the Treftz plane. The result shows itself as

a modification to Prandtl's downwash equation in the form:

b/2
621 ar _dy _
w. (y) o J/ & ) (4)
~b/2

where f(y) accounts for the fuselage interference and, in the case of a circular
fuselage, takes the form f(y) = (2y/d)_2.

Introducing a change of variables through the relation:

a Treftz plane solution, as developed in KaramchetiS for example, provides:

[o's]

r@) =2b v, 2 A sin 9 (5)

n=1
which, when substituted into Equation (4), gives:

wi(‘ﬁf) = Vm [ 1+f (y)] yxl An ‘:‘.‘*—““ (6)
n=1

Substituting Equations (5) and (6) into (3) provides the fundamental equation:

W e
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Ihe lift carried across the fuselage is found to decrease as the blowing
portion of the span is moved outboard. The unblown segment of the wing, between the
blowing portion ond the fuselage, attains some benefit from the vortex pattern
established by the blowing sexment. The upwash generated in this region scrves to

increase the Jift carried by this portion of the wing.

10




the trailing edge jet, this separation over the unblown section may be more extensive.
Figure 25 shows the pressure coefficient as measured near the leading edge and mid-
chord at the Z2 percent span station of configuration 3. The pressure is shown to
make a consistent change with increasing C“ up to C“ = (0.18. The next increase in CU
does not show an appropriate ~hange in pressure. Since this discrepancy occurs in
the range of CU where it has already been stated that the circulation may not be
enhanced with further blowing, the reason for the discrepancy is not clear. The fact
that the pressure shows the flow to be still accelerating over the leading edge and
decelerating toward midchord suggests that there is not extensive separation but
rather the entire flow is not being augmented by the final increment in CU' This
conclusion is borne out by the force data of Figure 21 which show the 1lift for
CU = 0.237 to be less than that for CU = 0.18. Below CU = 0.15 the mathematical
model and the data show good agreement and the fact that, while the fuselage carries
less 1lift as the blowing moves outboard, the lift of the unblown portion of the wing
is being enhanced by its proximity to the blown span.

Figures 26 through 29 show the process to repeat itself for configuration 4.
The blowing portion of the wing is now restricted to the outer 67 percent of the
span. The 1lift carryover across the fuselage is less than the previous configu-
rations. [he unblown segment of the wing again retains some benefit through the
upwash generated by the blowing segment. The discrepancy shown in the 1lift
distribution at the highest blowing rate, CU = 0,2, is again shown to coincide with

the loss of augmentation apparent in the force data of Figure 26 for this Cu.

CONCLUSTONS
A numerical model incorporating lifting line theory and a trailing edge vortex

(to represent the lift augmentation produced by a trailing edge Coanda jet) is

found to produce vood correlation with experiment through moderate levels of trailing
cdpe hlowing.,  Spanwise Litt distribution and litt coefficients show good agreement
tor hiowing coctticients through approximately C“ = 0.15., The good correlation is
maintaiced o5 the pereent ot span with blowing is decreased.

liscrepancies between theory and experiment at the higher levels of CU are first

attribuiable to leading c¢doe flow separation on the wing itself and eventually to a

loss o turther aagmentation through blowing.
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U.21 and 0.27, the leadin¢ edge pressure increment shows inconsistent change with

angle ot attack, in pavticular at the 40 and 70 percent span stations, as would be

expested tna resdon of aeparated flow. It appears that a leading edge separation

bubbiv hias tormed at the higher blowing coefficients. In addition, the lack of an
increase in the pressure difference between C.1 = 0.21 and C = (.27 is indicative
B U

that the overcll circulation is not being increased, which is in agreement with the

ftorce data s noted 1n connection with Figure 11.

Vicures 1 oand 16 with C,J = 0.1 and 0.15, respectively, show agreement at what
|

ippedars 0 be the apper limit of applicability for the potential flow model. The

it being the result of leading edge flow separation and a loss of further aug-

mentation, turoush trailing cdge blowing, in the real flow. The lift lost across the

tuselage s alse more accurately represented at the lowest blowing coefficients.
Figures 17 through 20 show lift coefficient data and typical pressure
distributions for configuration 2. The wind tunnel model, and likewise the
numer ical model, have been modified to provide trailing edge blowing on the outer 82
vercent of the span.  The force data of Figure 17 show reasonable agreement with the
litt and 1ift curve slope of the mathematical model up to a Cu of 0.14. The lift
distribution of the low to moderate blowing rates, Figures 8, 18, and 19, also show
Sood avroeement.  Ficure 20, with CU = (0.2, shows considerable discrepancy between
theory and esperiment, again particularly at midspan of the blowing segment. For
reasons as stated, the potential flow model for configuration 1 appears to have an
upper Limit vear €= G010,
Fivires b throuch 25 provide the lift and 1ift distribution for configuration

e blowin: portion of the wing is now reduced to the outer 77 percent of the

span.  The Tite and Titt distribution are in good agreement again up to a CU near
(I

fte v rion ot the wineg between the fuselage and the blowing segment is now
Approsizate oo Lo percent of the span. While the agreement between theory and data
va roaesonab e it area as well, it does rate some special consideration. The

SO et e i slown portion of the span creates a local increase in
(e tdons e Foothis oahlown area, at least for moderate levels of blowing. However,
thic et i ot wine does not have the favorable boundary layer control effect
oot oy i ot down oeoment. While a leading edge separation may occur on the

een et e i 0 bat reattach due to the boundary layer control effect of
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disagreement shows at the higher C_ levels. This could be a result of the math.

v

model exceeding the range of its inherent small angle assumptions or, as the data
indicate, the model mav he experiencing some flow scparation. Flow separation with
its resultant loss of lift may show itself here in two forms: first through the loss
of litt with increasing x tor a given U”, and sccond with that lost (or not gained)
wich a given v and incretsing Cu. In the first case, this would be attributable to
local tlow separation on the airfoil surtace itseli. In the second instance, flow
separation may not occur on the airfoil itself, but rather the Coanda jet detaches
closer to the slot and thereby shows a reduction in the induced circulation. This
effect mayv be associated with the jet velocity reaching sonic conditions and the
resulting expansion-countraction waves adding to the adverse pressure gradient seen
by the jet, and causing earlier jet detachment from the Coanda surface.

The solid data of Figure 11 provide a good example of the two types of
separation.. The data for € = 0.15 show the first signs of flow separation when
going from x = 0 deg to ¢« = 3 deg. This would be consistent with local flow
separation on the airfoil surtface itself. The data for CU = 0.27 show its lift
coefficient to be less than that for the next lowest value of CU for the entire angle-
of-attack range. This would suggest that the induced circulation is no longer being
enhanced and that the noted sonic jet velocity implies that the second type of
separation has occurred. At C“ = 0.27 and «« = 3 deg it appears that both types have
occurred.

The litt distribution for a moderate level of CU is provided in Figure 12. Good
corroboration is seen in both distribution and 1ift coefficient. VFigure 13 shows a
comparison at € = 0.21. The level of trailing edge blowing here is above that where
some tlow suparﬁtion is indicated in the data of Figure 11, The disagreement in the
Tirt distribution is seven to be greatest at the 40 and 70 percent span stations, that
is, where the local effective incidence would bhe at its largest., Further evidence of
surface separation is provided by the chordwise experimental pressure distribution,
as neasured near the leading edge and midehord, shown in Figure 14. The data are for
the ¢ valaes of 0.u%, 0.21, and 0.27 and arce shown for the spanwise stations of 20,
40, 76, and 90 percent span. FEach plot covers a range in « of approximately -3.0 to
+3.0 deg.  The incremental rise in the leading edge pressure coefficient with o at

the moderate € = 0.0498 is scen to be consistent at the four spanwise stations
1

shown in I'igures laa through l4d. At the higher blowing momentum coefficients of
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wind ! moded, without trailing edge blowing, will develop some flow separation
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blowing; configuration I, with full trailing edge blowing from wing root to tip
through configuration 4 with blowing on the outer 67 percent of the span. The
spanwize vatent o the trailling eodge blowing is indicated on the figures. The
vorreiation between theory and experiments, at these moderate blowing momentum
coefficients, is good in all four cases for both lift distribution and total lift
coefficient.

An interesting reature of the mathematical model is shown in the 1lift distri-
buticn of cenfigurations 2 through 4. As indicated in the vortex pattern of Figure 1,
an upwash, emanating from the blown portion of the span, between the inboard terminus
of the blown span and the fuselage, can be expected. A measure of this upwash is
provided by extending the application of Equation (A.1) into the unblown region of
the wing, Whiic wéc is zero in this region, aicc is not and is provided by Equation
{(A.9). The flow in this region is further complicated by the presence of the
fuselage. The lift carried by the fuselage is seen to decrease as the blowing
segment moves outboard, away from the fuselage. This is attributed to a reduction in
the upwash at the fuselage as the blowing moves outboard and is accurately simulated
by the mathematical model. The upwash in this region of the wing should also )
contribute to an increase in the local effective incidence. This likewise shows
itselt in the data and model on configurations 3 and 4 (Figures 9 and 10) between the
tuselaze and the blowing segment.

the form of the lifting line solution provides for a less dense distribution of
calculated points, for a given N, on the inboard portion of the wing. While a
greater connuter capacity than was used in the development of this model would
provide more olaritv in this region, the correlation shown in Figures 7 through 10 is
vood.

Ficure 11 shiows the Litt coefficient for configuration 1 as a function of a and
. . The discrepancy shown between theory and experiment for the no-blowing case can
b: atiributed to the wing camber and trailing edge bluntness. The inviscid theo-

retioal ool will respond to the wing camber and show some 1ift at zero alpha. The

at the bDlunt trailiog odse and thereby will not fully respond to the wing camber.
The dirierence in ittt gt zero alpha is maintained through the angle-of-attack range
Wit the result that the litt curve slope is in good agreement. The figure shows

pood ayrecwment botween thoorv and practice at moderate CU levels. Gradual
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with pressure taps. The test program provided pressure data through the range i

-3 deg < a < + 3.0 deg. Force data were obtained from o = -3 deg through stall, and
for the blowing momentum coefficient range, 0.0 1ACJ < 0.3. Test conditions provided

for a free-stream dynamic pressure of 30 lb/ftZ and a unit Reynolds number of

1.0 % 106.

The details of the test procedure and resulting force and pressure data are
described by Jacobsen.* Only that pertinent to correlating with the present

mathematical model and determining the lift carryover on the fuselage will be used

here.

RESULTS AND DISCUSSION
The fuselage effect on the spanwise lift distribution of a tapered, high-aspect
ratio wing, with no trailing edge blowing, is shown in Figure 5. The experimental
lift distribution in this and succeeding figures is, in fact, the difference in

upper and lower surface pressure coefficient at the 50 percent chord position,

AC = {c -cC
Po. 5¢ Py Pu/o.sc

as this provides for a convenient comparison with the numerical results provided by
Equation (A.16). The numerical results show the same total 1lift for the isolated
wing as [or the wing-body combination. The presence of the body is seen to alter
the distribution such that the 1lift lost over the fuselage itself is regained on the
inboard section of the wing as a result of a local angle of attack increase produced
by the body. This is in keeping with known results (Reference 1). The effect of
including the trailing edge blowing is shown in Figure 6. 1ln a similar manner to the
no blowings case, the lift lost nver the fuselage is regained near the wing root such
that the total 1ift is unchanged. The large drop in the local lift, with or without
the fuselage present, is attributed to the vortex system being induced by the limited
spanwise trailing edge blowing.

Figures 7 through 10 nrovide a comparison of the theoretical model with experi-
ment for moderate blowing and for each of the four configurations comprising the

test sequence. Configurations 1 through 4 provide a decreasing percent of span

*As indicated by Jacobsen in a DINSRDC informal report, "Wind Tunnel
Investigation of a High Aspect Ratio Circulation Control Wing,'" of Jul 1983,

5
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. st nu[1+f(y)] + sin 6} =y (ocg +a_ +a ) sin @ (7)
=
Wi le
dOC
o= e
EAY (8)
with o = o Ii1=¢l-*) cos 1} providing for wing taper.

Pauot o (7% provides a series of simultaneous equations, the solution of which
fods ot tne dowived spanwise litt distribution. With the exception of the circu-
lation or blowine induced incidence, QCC, the remaining input variables for Equation
() oare provided by the Tusclage and wing geometry. The procedure for determining
the blowiny induced incidence and development of the complete wing-body model is

provided in the appendix.

FXPERTMENTAL PROGRAM
the hich aspect rario circulation control wing data were provided by an experi-
vel provram carricd out in the DINSRDC 8- by 10-ft subsonic wind tunnel. The
model, shown Loth schematically in Figure 3 and installed in the tunnel in Figure 4,
boes 0 7o—da, wine span with an aspect ratio of 18 and taper ratio of 0.5. The
G EpE o santpen ann tols s a tiilckpess ratio of 0.20 at the root and 0.15 at the tip.
Georarico o o tie trailing edge radius to the chord varied from 5.3 percent at the
toot sectlog to 2,2 percent at the tip.  The wing, shown in planform in Figure 3,
S rredilim e doe et torming the Coanda jet, running the entire span. In order
to hetror doeternine the [ift carryover, or pressure effects spanwise across the
CaBe e, bt tlow was restricted from the root section outboard to form four
contfigarations.  LThe exposed slot-to-span ratio was 0.877, 0.8249, 0.7744, and 0.675
vt veepectively to configurations 1 through 4).  (Actually, the full span
gt el attained the value 0.877 when considering the full span as extending

-

Tt Casela e centorbine.)  The wing has 5 percent camber at the root and tapers
too no coaber o the tip. Detailed wing characteristics are provided in Table 1. The

P e . L wae o ol the wing station) and wing were extensively instrumented
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vor anv large aspect ratio wing, the lift distribucrion can be related to that |

. . 1
4 Vlat plate in the form:

< (v) 1/2
L e L2 ‘
L(x,y) = q.. - ('L(y) [ (v) ‘
the midehord position this reduces to:
)
K{vy, . = A = 70 AL To
0.5c pU.Sc il

winivh provides tor convenient comparison with the experimental data.

ihe overall lift ccofficient is provided by:

A computer program utilizing this mathematical model was written and applied

ite with the data from the experimental model.
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This can be treated in a similar manner to that of (A.7) with additional con-
siderations for the presence of the body. The cross flow induced by the presence of

the bodyv when the wing and body are at the same incidence is:

iw(y) +aly) £f(y) = ae(y) + ui(y) (A.11)

tor v - d/2, where a(y) includes the effects of geometric and camber induced

incidence. For a circular arc imposed camber,

ac = 2 X camber
In obtaining the coefficients An the downwash distribution and ai can be
determined through Equation (4).
In keeping with the initially stated concept of the mathematical model, the

local total lift coefficient is then provided by:

QCK BCL
C = | — (o o +a -a.) + o (a.12)
L da g ¢ cc i Ble] ce
T a=0 cc

4
where the empirically derived values of Spence:

¢ ¢ 1/2
— =or |1+ =) (140.151 C +0.219 C ) (A.13)
RIS C U u

‘d.=0
o 1/2 1/2 1/2
—— = 2(nC ) (1+0.151 ¢ +0.139 C ) (A.14)
SuCC 1 u u

are appiied loecally. Inboard of the wing body juncture the lift coefficient is

. 1
provided, in accordance with Thwaites, as:

,
¢ )] S C R (A.15)
S0, T e
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in the range

e empirically derived form of Maskell and Spence2 provides a .
0

? CI t 1/2
a =\ = >a=0 = 2m <1 + E) (1 +0.151 C_ +0.219 C) (A.8)

"he solution proceeds by developing, from Equation (A.7), a series of N simultaneous
vyuations where the first N odd terms are applied at N stations along the blown

seiispan., The coefficients Arl thus acquired provide for:

W, (GCC) 2N sin n OCC
OLi(:c = Vo, =2n An sin 9 (A.9)
el ce

here = 1t ¢ e -
where A \1, Aj’ A5 AZN

[
Fquation (A.9), along with (A.5), provides for Equation (A.1l)

and, hence, for the downwash corrected, circulation induced incidence. It should be

noted that Equation (A.9), once obtained, will provide .he upwash in the region be-

tween the blown portion of the wing and the fuselage.

PHREF =D EENSTONAL SUMMATTON
11 accordance with the potential flow model, as depicted in Figure 1, the

r ~aining factors of the wing body model are provided for in Equation (5) reduced to:

2 A sin nd {nu [1+f(y)] + sin 01 = u(dgﬂc) sin 6 (A.10)

n=1
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Equation (A.4) becomes:
(Trg + o)
Voo — C
_LE c _H (A.6)
Voo SIL '
1 +—— c

C

Equations (A.5) and (A.6) then provide the spanwise distribution of the two-

dimensional c¢irculation induced incidence.

BLOWING INDUCED DOWNWASH

Lonsidering the blowing segment of the wing as a separate full span wing, a
lifting line solution to that segment will provide the downwash correction to the
blowing circulation induced incidence of Equation (A.5). The form of the fundamental

equiation applying to the blown portion of the wing is:

0

S A sin n 9 (n + sin ) =p a' sin H (A.7)
A/ N ce 1 ce cc cc
n=1

whoere

and
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<
Y% = - \
LE r.... J
1 -
C

For the usual case of a uniform slot height to chord ratio, the blowing

coefficient can be expressed as:

(For the case of less than full span blowing, the local blowing coefficient is the

above multiplied by the ratio of the total wing area to the blown wing area.) Thus

we obtain:

Vo
V:h - (A.4)
ihe circulation induced incidence can then be expressed as:
vV
a' o= tan.1 IJ'> (A.5)
C \Y

\ ~orrection to the trailing edge radius is determined by considering the growth of

the trailing edge jet flow with incveased blowing. The ''discrete vortex' model of
v ... 0 . 7 . . .

the Coanda jet flow proposed by Smith~ and championed by Wood provides ftor the jet

shear layer growth rate as:
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APPENDIX

SPANWISE LIFT DISTRIBUTION FOR BLOWING SEGMENT
OF CIRCULATION CONTROL. WING

The configuration being considered here is that of a high aspect ratio wing
body with full to partial span trailing edge blowing. It will be assumed that the
aspect ratio is sufficiently large that the semispan, or blown portion of the semi-
span, can itself be considered as a high aspect ratio wing. The lifting line
approach can then be justifiably applied to the isclated blowing segment alone.
' vortex pattern for this potential flow model is shown in Figure 1. In this
manner the distribution of acc’ as required for Equation (5), will have been modified
to account for the downwash effects resulting from the vortex pattern established by

the blowing segment alone. This can be expressed as:

o =qa' -, (A.1)
cc cc 1CccC

where méc represents the local two-dimensional blowing induced incidence and A e

represents the downwash produced by the blowing segment's trailing vortices.

TWO=DIMENSTONAL CIRCULATION CONTROL INCIDENCE

'he reasoning behind the small angle assumption of the lifting line theory will
be extended to that of the circulation control airfoil. Based on the known aft
loading of a circulation control airfoil, and the geometry of the airfoil itself,
Figure 2, the blowing induced incidence, for moderate levels of blowing, will be
venerated by a point vortex located on the chordline, at a distance of the trailing
edue radius, from the trailing edge. The strength of the vortex is provided by the

jet velocity and the trailing edge radius.

Hence

i =27 r. .V (A.2)

n this basis (and the geometry of Figure 2), it can be expressed as:
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FABLE 1| - MODEL GEOMETRIC CHARACTERISTICS

Wing
9

Area 2.2128 {¢”
Span (exluding unblown tips) 75.0 in.
Chord at rotation center; 5.665 in.

at wing tip 2.8325 in.
Mean geometric chord 4.44 in.
Taper ratio 0.50
Aspect ratio 17.65
Blowing, slot height 0.002c¢
Slot location 0.968c¢
Root section €C20/05/053/97-E
iip section €C15/00/022/97-F
left wing slot exit area 0.00206 ft2
Rioht wing slot exit area 7.00198 ft2
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